), really long lifetime (12 months), dependence of the electrode potential on pH (5.5 -9.0), reproducibility of potential (0.6-1.2 mV) and selectivity coefficients in relation to some organic and inorganic anions. The electrodes were applied for the determination of ibuprofen in tablets by the calibration curve method and the standard addition method.
Introduction
Ibuprofen (2-(4-isobutylphenyl)propionic acid) ( Fig. 1) [1] is a strong non-narcotic, analgesic antipyretic drug. It is a relatively safe drug and is used to treat arthritis pain and inflammation. Ibuprofen alleviates pain, reduces swellings, improves joint mobility and eliminates the feeling of numbness [2] . The results of the latest studies suggest that ibuprofen prevents colorectal cancer and may also protect against the development of Alzheimer's disease [3] .
In recent years a number of studies have been performed on ibuprofen, focusing on the synthesis of new pharmaceutical formulations that would not exhibit side effects such as causing gastric ulcers. These new formulations are the pro-drugs or esters, and also other structures which in the process of biotransformation (e.g. oxidation) change into the acid. When administered orally these drugs leave the stomach in a practically unchanged form [4] [5] [6] [7] . Another strategy to reduce the toxic effects of ibuprofen is its application as a purified enantiomer (S)-isomer, (Dexibuprofen). The application of pure enantiomer in pharmaceutical formulations involves reducing the dose of ibuprofen while retaining comparable anti-inflammatory and pain-relieving effects, thus decreasing the chances of interactions with other drugs [8, 9] . Another way of searching for analgesics with reduced unfavourable effects is the application of a new ibuprofen compound with a -NO substituent. Metabolic local release of nitrogen oxide may protect the gastric mucosa (mucous membrane layer of the stomach) against gastric lesions, and may also accelerate the healing process of ulcers.
Current investigations on the new generation of drugs containing NO ibuprofen (NCX-2210) prove that this compound may considerably inhibit the growth of colorectal cancer cells [10] . The results of pre-clinical studies also show that it achieves pain-relieving and anti-inflammatory activities equivalent to those of the ibuprofen analogue, while simultaneously exhibiting a much smaller gastrotoxic activity [11] .
Recently, numerous clinical studies have been performed comparing the pain-relieving activity of ibuprofen with other analgesics. It was found that as compared with paracetamol or codeine, ibuprofen exhibits a stronger pain-relieving activity in the case of acute postoperative and post-traumatic pain in children [12] . Ibuprofen was also proved more effective than acetaminophen in combination with codeine when used to alleviate the pain due to arm fracture in children [13] . Recent investigations also indicate that ibuprofen and sumatryptan are two most effective drugs for temporary treatment of migraine headaches in children and teenagers [14] .
Generally it can be said that ibuprofen causes less undesirable effects than other non-steroidal antiinflammatory drugs.
This drug is now used more and more frequently. In recent years a lot of new pharmaceutical products containing ibuprofen have appeared on the market, leading to new analytical problems in production and quality control. Therefore new, and improved methods are required for determining its concentration in various types of matrix.
A number of different methods for quantitative determination of ibuprofen in pharmaceuticals have been described in the literature. The various methods include the use of spectrophotometry [15] [16] [17] , spectrofluorimetry [18] [19] , high-performance liquid chromatography (HPLC) with UV detection [20] , HPLC-ELSD (evaporative light scattering detection) [21] , HPLC [22] , potentiometric titration [23, 24] , conductometric titration [24] , capillary electrophoresis [25] , and luminescence [26] .
The methods approved for routine quantitative determination of ibuprofen are described in the Polish Pharmacopoeia PF [27] , British Pharmacopoeia BP [28] and the United States Pharmacopoeia USP [29] . However, these methods are laborious (classical titration), they involve a long time and complicated sample preparation for analysis, and they require expensive instrumental apparatus (liquid chromatography). Potentiometry can be a simpler, faster and cheaper method of ibuprofen determination.
Numerous ion-selective electrodes were constructed in order to determine a number of pharmacologically active substances present in pharmaceutical preparations [30] [31] [32] . In this research a new type of membrane ibuprofen electrode with solid contacts was prepared, based on the tetraoctylammonium -ibuprofen ion-association complex.
The construction of the proposed electrode is simple and cheap. The membrane phase of the electrode consists of two layers placed in a teflon holder. The inner layer contains plasticized PVC in which the Ag/AgCl electrode is placed. The outer layer containing the active substance is in contact with the solutions tested and separated from the inner layer components.
Generally, solid contact electrodes exhibit much more favourable parameters than the classical liquid contact electrodes ISE (Ion Selective Electrode) [33] and are more popular now. The electrodes proposed in this work exhibit favourable analytical parameters: a wide range of linearity of the calibration graph with a slope close to the theoretical ideal, short response time, and good selectivity. Unlike most of the previously described membrane sensors sensitive to ibuprofen [34] [35] [36] [37] the sensors presently proposed are characterized by very long lifetimes (over one year). These sensors may be kept in air, do not need to be stored in a vertical position, and are self acting sensors.
The results obtained for ibuprofen determination in the pharmaceuticals are characterised by an accuracy (0.4%) and precision (RSD% 4.1) typical of potentiometric determination methods. These results are slightly worse than those that can be obtained by some other methods, yet they appear consistent and remain within acceptable error according to the criteria set by the pharmacopoeia.
Summing up, it can be said that the proposed method of direct potentiometry is easier, faster and, above all, cheaper than other methods described in the literature. The only drawback of the proposed electrodes seems to be the fact that the preparation of the tetraoctylammonium -ibuprofen ion-association complex is rather time-consuming.
Experimental Procedure

Apparatus
The measurements of the electromotive force of the system ibuprofen electrode -reference electrode were carried out at 22 ± 1°C using a multifunctional computer device CX -721 Elmetron (±0.1 mV) (Poland) with APE1 attachment, which ensured efficient multiplexing of the electrodes. The salt-bridge of the reference electrode (Orion 90-02) was filled with CH 3 COOLi solution of concentration 1 mol L -1 . During the measurements the solutions were stirred with a mechanical stirrer. The calibration curve of the ibuprofen electrode was determined in the ibuprofen and interfering ion solutions in the concentration range 10 -1 -10 -5 mol L -1 (pH = 7.5). Properties of ibuprofen ion-selective electrodes based on the ion pair complex of tetraoctylammonium cation A Thermo Orion 81-72 glass electrode was used for pH measurements. The ibuprofen spectrophotometric determinations were made with a SPECORD M-40 spectrophotometer (Carl Zeiss Jena, Germany).
Chemicals
All chemicals were of analytical reagent grade. 
Preparation of ion-pair
The quaternary ammonium salt: tetraoctylammonium 2-(4-isobutylophenyl)propionate (TOA-Ibu), was acquired through a process of periodic ion-exchange extraction of ibuprofen anion from aqueous phase to organic phase. In order to prepare this complex, 60% (v/v) solution of TOA-Cl in 1-decanol was extracted with 10 -1 mol L -1 ibuprofen solution [38] . The organic phase volume was 2 mL, the aqueous phase volume was 2-3 mL. When the extraction was over, the organic phase was separated from the aqueous phase and deaerated until a clear solution was obtained. The complex was stored at +4°C and was then used in membrane phase preparation.
Electrode construction and membrane phase preparation
The description of the electrode construction was presented in earlier papers [39] [40] [41] . The membrane phase of the electrode consists of two layers placed in a teflon holder. The inner layer contains plasticized PVC in which the Ag/AgCl electrode is placed. The outer layer containing the active substance is in contact with the solutions tested and separated from the inner layer components.
In order to prepare the inner layer, 30% wt. PVC, 70% wt. of mixed plasticizers (95% wt. DIBP, o-NPOE or DOS and 5% wt. TBP) were weighed, respectively. The components were mixed and the mixture was deaerated. The Teflon sensors were filled with the mixture so that the silver-silver chloride electrode was immersed in it. Then the mixture was gelated at 373 K for 30 minutes.
In order to prepare the outer layer, 10% wt. TOA-Ibu complex was dissolved in a mixed plasticizer 60% wt. (95% wt. DIBP, o-NPOE or DOS and 5% wt. TBP), with 30% wt. PVC added. As the complex undergoes decomposition at temperatures higher than 333 K, the method of gelating by THF evaporation was chosen. The mixture was dissolved in THF and applied dropwise on the inner layer, leaving THF to evaporate at 293 K. This was repeated several times. The outer layer of the electrode was acquired in this way.
The potential of the internal reference Ag/AgCl electrode is stable and was determined by Cl -ions originating from PVC degradation as well as from dissolution dissociation of AgCl in TBP [42] . The potential of the electrodes constructed with the procedure described above is reproducible and stable in time.
The electrodes prepared were stored in air between the measurements.
Electrode calibration
Before calibration measurements the electrodes were conditioned in 10 -3 mol L −1 ibuprofen solution for 20 minutes.
The electrodes were calibrated by immersing them in 100 mL beakers containing the required ibuprofen solution in conjunction with a double junction Ag/AgCl electrode. The calibration curves of the ibuprofen electrodes were determined with the main ion at concentrations of 10 -5 -10 -1 mol L -1 at pH 7.5. To this aim, subsequent portions of the initial ibuprofen solution of the concentration 10 -1 mol L -1 were added to 50 mL distilled water (alkalized with NaOH to pH 7.5) so that the working solutions were obtained of the concentrations within the range 10 -5 -10 -2 mol L -1 . Working solutions for the calibration were obtained by making up a 5 mL portion of the initial 10
ibuprofen solution to 50 mL with distilled water alkalized to pH 7.5 with NaOH, followed by three similar successive dilutions. The solutions were stirred with a mechanical stirrer and the potential (±0.5 mV) was recorded after stabilization.
The potential of ibuprofen electrodes is described by the Nernst equation [41] .
pH measurements
The range in which the pH does not affect the EMF value of the cell was established. HCl was added dropwise (c = 0.05 mol L -1 ) to 20 mL ibuprofen solution of initial concentration 10 -3 mol L -1 until the pH was about 3.5. Then NaOH solution (c = 0.01 mol L -1 ) was added dropwise to the new ibuprofen sample until the pH was about 10. After each acid or base addition the solution pH and the electrode potential change were measured.
Electrode selectivity
The selectivity of the electrodes was measured using the separate solution (SSM) and fixed interference (FIM) methods [43] .
In the SSM method the potential of the cell comprising an ibuprofen electrode and a reference electrode was measured with main ion solutions in the concentration range 10
-5 -10 -1 mol L -1 and interfering ion solutions in the same concentration range.
While determining selectivity coefficients by SSM, the following relationship was used:
where N stands for an interfering ion, E 2 -potential of the electrode in the interfering ion solution, E 1 -potential of the electrode in the main ion solution, S -the main ion slope of characteristics, z -main ion charge, yinterfering ion charge, c Ibu =10 -1 mol L -1 . In the fixed interference method the potential of the cell comprising an ibuprofen electrode and a reference electrode was measured with solutions of constant level of interference a N (10 -2 mol L -1 ) and varying concentration of the primary ion a Ibu. The potential values obtained are plotted vs. the concentration of the primary ion. The intersection of the extrapolation of linear portions of this curve gave a value of a Ibu which was used to calculate pot Ibu log K from the equation:
log K =
Determination of Ibuprofen in pharmaceutical formulations
Samples to determine ibuprofen were prepared: 10 tablets each of ibuprofen 200 mg, 400 mg were weighed and then ground in a mortar [27] . Amounts of the powder corresponding to the active substance were weighed and dissolved in 50 mL distilled water. The sample in the case of (2-(4-isobutylophenyl)propionic acid) (200 mg) was neutralised with NaOH (10 -1 mol L -1 ) solution until pH 7.5 was obtained. The solutions were filtered into a 100 mL volumetric flask and then made up to the mark with distilled water of pH 7.5 and shaken. The samples solution (10 -3 mol L -1 and 2×10 -3 mol L -1 ) were prepared by diluting the stock solution, making them up with acetate buffer of pH 7.5. The standard solutions of ibuprofen were prepared in acetate buffer of pH 7.5.
An aliquot (20 mL) of the solution was transferred to a 50 mL beaker and the ibuprofen electrode in conjunction with reference electrode was immersed into the solution. The potential of the electrode was measured and compared with the calibration graph. Alternatively, the potentials were measured before and after the addition of 2 mL of 10 -2 mol L -1 standard ibuprofen solutions to the sample solution. The unknown concentration of ibuprofen was calculated using the standard addition method [44] .
Results and Discussion
The investigations performed show that the solid contact electrodes with a pseudo-liquid potential creating phase were selective for 2-(4-isobutylophenyl)propionate anion. The experimental data were collected over a period of 13 months for 3 different sensors for each plasticizer (9 sensors altogether) and were evaluated according to IUPAC recommendations [45] .
The influence of the polarity and chemical structure of the plasticizer on potentiometric response of the electrodes was investigated. The composition of the membranes of the electrodes investigated in this study, and their working concentration range and the slope of characteristics are listed in Table 1 and Fig. 2 . The results of characteristic responses of the electrodes were obtained for freshly prepared electrodes.
It is well known from literature data that the extraction properties of the polymer membrane depend in this case on the kind of quaternary ammonium salt and the solvent.
As shown in Table 1 Properties of ibuprofen ion-selective electrodes based on the ion pair complex of tetraoctylammonium cation and lipophilic DOS in the membrane. The electrodes obtained for this study had similar characteristics to those of classical ibuprofen electrodes in earlier studies of the authors [46] . Polymer membranes containing methyltrioctylammonium chloride dissolved in o-NPOE and also in diisobutyl phthalate (DIBP) with an admixture of TBP, exhibit similar extraction characteristics. As a result similar characteristic responses were obtained for both electrodes. In the case of the electrodes constructed in this work with a more lipophilic ion exchanger (TOA-Ibu), the more lipophilic sebacate also proved to be a favourable solvent. Probably the high distribution coefficients of ibuprofen obtained in the aqueous solution/membrane solvent system are due to the structure of the drug molecule. The performance characteristics of the ibuprofen electrodes based on data collected over a period of 4 months for three assemblies for three membrane sensors are given in Table 2 .
The ibuprofen ion selective electrodes showed near Nernstian response of the characteristic (58.3 -60.9 mV decade -1 ) over the concentration range 10 -4 -10 -1 mol L -1 . The limit of detection (LOD) has been determined according to IUPAC recommendations [47] which describe LOD as the ion activity (concentration) level at which the measured cell voltage deviates 18/z (where z is charge of ion) from the Nernstian response curve. The limit of detection for the electrodes amounts to 6.8×10
-5 mol L -1 for DIBP membrane electrodes. The signal reproducibility was expressed as the standard deviation of emf data collected in a series of emf measurements in solutions of several different primary ion concentrations [45] . The measurements were performed as follows. The ibuprofen electrodes were immersed alternately in the main ion solutions at the concentrations of 10 -2 and 10 -3 mol L -1 (n = 10). After each change of concentration the electrodes were washed with distilled water and rubbed out to dryness. The potential value was read out 2 minutes after each immersion. In solutions of lower concentration, higher values of standard deviation were obtained, 1.2 mV -0.8 mV, whereas in solutions of higher concentration the reproducibility values were within the range 1.1 -0.6 mV.
In order to evaluate the analytical usefulness of these electrodes, other analytical parameters were recorded.
Response time was determined by measuring the change in the EMF after injection of the concentrated 
(DOS), () electrode 2 (NPOE), () electrode 3 (DIBP).
solution of ibuprofen (C Ibu = 10 -1 mol L -1 , V Ibu = 1 mL) to the vigorously stirred sample solution (C Ibu = 10 -3 mol L -1 , V Ibu = 20 mL) and then by diluting it with water (1:1). This method was described in an earlier paper by Dumkiewicz and Lenik [34] . The results obtained are presented in Fig. 3 . The range in which the pH value did not affect the EMF value of the ibuprofen electrode -reference electrode cell was measured by the method of Dumkiewicz and Lenik [34] . The results are presented in Fig. 4 and prove that the electrodes can function effectively in the pH range 6.0-9.3.
The lifetimes were tested by measuring the characteristics slope of the electrodes kept in air at room temperature. The measurements were made systematically, usually every 7-14 days, in freshly prepared ibuprofen solutions (pH = 7.5). The working lifetime of the electrodes was taken as finished when they showed a deviation ± 16% from the Nernstian characteristic slope [48] . On this basis these electrodes showed very long lifetimes of about 12 months.
The soaking effect and regeneration of the electrodes were then tested.
The shorter lifetime of electrodes stored in water and ibuprofen solution (Table 3) is probably due to increased elution of the ion exchanger from the membrane.
A notable advantage of the electrodes presented in this study is the possibility of their easy and fast regeneration. The authors' earlier investigations on this type of electrode prove that regeneration consists in mechanically removing the outer layer, and then reforming it by application of the ungelated active mixture onto the inner layer, followed by its gelation. After such regeneration the ibuprofen electrode can function effectively for about 6 months.
The influence of the composition of membranes of ibuprofen electrodes on potentiometric selectivity coefficients was also investigated. The selectivity coefficients were determined by the separate solution Properties of ibuprofen ion-selective electrodes based on the ion pair complex of tetraoctylammonium cation method (FIM) [43] . The values obtained for selectivity coefficients are presented in Tables 4 and 5 These values of selectivity coefficients correspond well to the Hoffmaister series [49] .
An analytical validation of the performance of ibuprofen ion selective electrodes was proposed. The validation took into account the following operational characteristics: linearity, repeatability, recovery, LOD value, ruggedness.
Each of different concentrations of ibuprofen standard solution ranging from 10 -5 -10 -1 mol L -1 at pH = 7.5, was tested three times. Standards were prepared and analyzed by potentiometry on three successive days. The potentials obtained from three series were averaged at each concentration. The analytical response is plotted from three series. mol L -1 . The investigation procedure was repeated on three days. The recovery percent was calculated using the ratio of the amount found (mg) to the corresponding expected amount (mg). The obtained average recovery and RSD values were as follows: 100.8% and 0.7% at 200 mg and 99.5% and 0.5 % at 400 mg for electrode no. 1; 101.2% and 1.2% at 200 mg and 99.6% and 0.6% at 400 mg for electrode no. 2; 98.5.% and 1.2% at 200 mg and 99.0% and 0.7% at 400 mg for electrode no. 3.
The ruggedness of the potentiometric method was evaluated. Data were collected using two additional analysts on two different instruments and on three different days, but in the same laboratory. The results were satisfactory and reproducible with an RSD of less than 2.2%.
The analytical usefulness of ibuprofen electrodes were examined by determining ibuprofen in pharmaceutical preparations containing ibuprofen, acid -Ibuprofen 200 mg (Polfa, Pabianice, Poland) and ibuprofen, sodium saltNurofen Forte Express 400 mg (Reckitt Benckiser Healthcare International Ltd., Great Britain). The determination was performed by the calibration curve method and the method of standard addition. The classical titration Table 5 . Potentiometric selectivity coefficients of ibuprofen electrodes using FIM method.
of ibuprofen in ethanol for Ibuprofen (200 mg) [28] and UV spectrophotometry for all the samples were used as a reference method ( Table 6 ).
Conclusion
In this investigation electrodes with polymeric membranes selective for anions of 2-(4-isobutylphenyl) propionate acid (ibuprofen) were obtained. The different plasticizers: (DIBP), (o-NPOE), (DOS) were used with tetraoctylammonium 2-(4-isobutylophenyl) propionate as the active substance in the PVC membrane phase. The proposed electrodes are characterized by good analytical parameters, really long lifetime and simple, cheap construction. There are several papers describing ibuprofen ionselective electrodes based on (2-(4-isobutylphenyl) propionate with: methyltrioctylammonium cation [34] , ferroin [35] , tetraphenylporphyrinatio indium (III) [36] , mercury (I) ibuprofenate [37] and tetraoctylammonium 2-(4-isobutylophenyl)propionate [this work]. The electrodes differ in their construction. Some of them are liquid contact electrodes [35, 36] , while others are solid contact electrodes [34, 37] .
These electrodes are characterized by a Nernstian [34,35, this work] and near Nernstian slope [36, 37] [37] . The response time of these electrodes was in the range 25 -60 s and the pH was in the range 5.5 -9.5.
The limit of detection of these electrodes amounts to 6.5×10 -6 [35] and is within the range between the lowest and highest detection limit values obtained by other electrodes. Previously investigated electrodes have exhibited an operative lifetime of 2-6 months, but the novel electrodes presented in this work achieved a much longer lifetime of 11-12 months, thus exceeding the lifetime of electrodes of the same construction and similar analytical parameters. This may be due to a different structure of quaternary ammonium salt: its increased lipophilicity would provide a longer time of elution of the complex ion pair from the polymer membrane.
The sensors presented are kept in air. Unlike other sensors, they do not have to be stored in a vertical position and do not require an external solution for storing the electrodes between the measurements. Also, they are self acting sensors.
So far, there is one report in the scientific literature on the use of tetraoctylammonium chloride in PVC membrane ibuprofen electrode with liquid contact [24] . This electrode was characterized by a near Table 6 . Ibuprofen determination results.
*UV spectrophotometry
Properties of ibuprofen ion-selective electrodes based on the ion pair complex of tetraoctylammonium cation membrane electrodes based on tetraoctylammonium chloride were also described. These were liquid contact electrodes too [50] . Analytical usefulness of the electrodes was tested by performing determinations of 2-(4-isobutylophenyl) propiate acid (ibuprofen) using these ibuprofen electrodes in synthetic samples of Ibuprofen (Sigma), and in pharmaceutical preparations Ibuprofen (Polfa, Pabianice, Poland) and Nurofen Forte Express (Reckitt Benckiser Healthcare International Ltd., Great Britain). Potentiometric determination results were compared with the determinations performed with pharmacopoeia method and UV spectrophotometry. The experimental data show results (Table 4 ) comparable with reference methods. Statistical parameters prove to be typical of analytical methods using ion-selective electrodes: the accuracy (0.5-2.6% for the electrode no. 2 in the pharmaceuticals samples) and the precision (RSD 0.7-5.5 % for the electrode no. 1 in the pharmaceuticals samples) were typical of the potentiometric determination method. The indirect potentiometric method proved to be more accurate (mean relative error 0.4% for all electrodes and samples) than the calibration curve method (mean relative error 1.8%). The results of determinations are comparable with the spectrophotometric method and are more favourable than those obtained by classical titration (mean relative error 5.0%). The precision of the direct and indirect potentiometric methods is, respectively, mean RSD% = 4.1 and mean RSD% = 4.4. This is better than the precision obtained by the pharmacopoeia method (mean RSD% = 6.0) and slightly worse than that obtained by the spectrophotometric method (mean RSD% = 2.7). Table 7 presents a comparison of the results obtained for the proposed method with the reported analytical methods. The working range offered by the presented electrode (22.83-22829 mg mL -1 ) is compared with spectrophotometry (5-3200 mg mL -1 ) [15] [16] [17] and potentiometric titration (1-10 mg mL -1 ) [24] . The accuracy and precision of the potentiometric method (the mean recovery 99.5-105.2%) is much better than the HPLC method (78-95%) [22] and it is comparable with the accuracy of other methods (capillary electrophoresis 97.65-104.66% [25] spectrofluorimetry 97.9-105% [18, 19] ). Another advantage of the potentiometric method is short time of a single determination (~30 s). This method does not involve any pretreatment (except filtration). Complex formationextraction or centrifugation steps are required with other instrumental methods [17] [18] [19] 22, 24, 26] .
In view of the above it can be concluded that the electrodes constructed and presented in this work can be successfully applied in pharmaceutical and other research laboratories.
Method
Working range mg mL Table 7 . Comparison of ibuprofen determination method in pharmaceuticals.
